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Abstract: Soluble ligand-bound Mn(III) can support anaerobic microbial respiration in diverse 16 aquatic environments. Thus far, Mn(III) reduction has only been associated with certain 17
Gammaproteobacteria. Here, we characterized microbial communities enriched from Mn-replete 18 sediments of Lake Matano, Indonesia. Our results provide the first evidence for biological 19 reduction of soluble Mn(III) outside of the Gammaproteobacteria. Metagenome assembly and 20 binning revealed a novel betaproteobacterium, which we designate "Candidatus Dechloromonas 21 occultata." This organism dominated the enrichment and expressed a novel cytochrome c-rich 22 protein cluster (Occ), including an undecaheme putatively involved in extracellular electron 23 transfer during Mn(III) reduction. The occ gene cluster was detected in diverse aquatic bacteria, 24 including uncultivated Betaproteobacteria from the deep subsurface. These observations provide 25 new insight into the taxonomic and functional diversity of microbially-driven Mn(III) reduction 26 in natural environments. 27 28 Main text: Manganese(III) is the most recently discovered player in the manganese cycle (10). 29
Ligand-bound Mn(III) is often the most abundant Mn species in aquatic ecosystems (18), yet 30 knowledge about microbes cycling Mn(III) remains fragmentary. To date, only Shewanella spp. 31 (Gammaproteobacteria) are known to respire soluble Mn(III) using the Mtr pathway (17, 22, 32 23 ). The Mtr pathway forms a porin-cytochrome (PCC) conduit that transports electrons across 33 the periplasm (11) for extracellular respiration of Mn(III/IV), Fe(III), and other metals (20, 23) . 34
Another PCC is Mto used by freshwater Betaproteobacteria for extracellular Fe(II) oxidation (7, 35 12, 16) . Environmental omics suggests that metal reduction by Betaproteobacteria may be 36 widespread in the deep subsurface (1, 13) . However, only a few Fe(III)-reducing 37
Betaproteobacteria isolates have been characterized (5, 8) . This study presents the first evidence 38 for biological reduction of soluble Mn(III) by a bacterium outside of the Gammaproteobacteria 39 class. 40
We explored microbial Mn(III) reduction in enrichments inoculated with sediment from 41 Lake Matano, Indonesia, which has active microbial Mn and methane (CH 4 ) cycles (15). 42
Manganese reduction coupled to CH 4 oxidation is a thermodynamically favorable metabolism, 43 and its natural occurrence is supported by biological evidence (2) and geochemical evidence (4, 44 19) . We designed an enrichment strategy to select for microbes capable of anaerobic CH 4 45 oxidation coupled to soluble Mn(III) reduction incubating anoxic Lake Matano with soluble 46 Mn(III)-pyrophosphate as the electron acceptor (with 2% O 2 in a subset of bottles), and CH 4 as 47 the sole electron donor and carbon source (see Supplemental Material for enrichment details). 48
Cultures were transferred into fresh media after Mn(III) was completely reduced to Mn(II) for a 49 total of five transfers over 395 days. By the fourth transfer, cultures with CH 4 headspace (with or 50 without 2% O 2 ) reduced ~80% of soluble Mn(III) compared to ~30% with N 2 headspace ( Fig. 1) . 51 16S rRNA gene sequences were dominated by Betaproteobacteria (Rhodocyclales) and 52
Deltaproteobacteria (Desulfuromonadales), and 13 CH 4 oxidation to 13 CO 2 was undetectable 53 (Figs. S1, S2). 54
Samples for metagenomic and metaproteomic analysis were harvested from the fifth 55 transfer ( Fig. 1; Fig. S1 ). Out of 2,952 proteins identified in the proteome, 90% were assigned to 56 Betaproteobacteria; of those, 72% mapped to a 99.53% metagenome-assembled genome (MAG; 57
Rhodocyclales bacterium GT-UBC; NCBI accession QXPY01000000) with 81-82% average 58 nucleotide identity (ANI) and phylogenetic affiliation to Dechloromonas spp. (Table S1; Fig.  59 S3). This MAG is named here "Candidatus Dechloromonas occultata" sp. nov.; etymology: 60 occultata; (L. fem. adj. 'hidden'). The remaining 10% of proteins mapped to 61 Deltaproteobacteria; of those, 70% mapped to a nearly complete MAG (Desulfuromonadales 62 bacterium GT-UBC; NCBI accession RHLS01000000) with 80% ANI to Geobacter 63 sulfurreducens. This MAG is named here "Candidatus Geobacter occultata". 64
Cytochromes containing multiple c-type hemes are key for electron transport during 65 microbial metal transformations, and therefore might also be expected to play a role in Mn(III) 66 reduction. Numerous mono-, di-, and multi (>3)-heme cytochromes (MHCs) were expressed by 67 "Ca. D. occultata" in Mn(III)-reducing cultures. Nine out of 15 MHCs encoded by the "Ca. D. 68 occultata" MAG were expressed, including two decahemes similar to MtoA in Fe(II)-oxidizing 69 We investigated the taxonomic distribution of genes encoding occP, mtoA, and key 76 denitrification complexes expressed by "Ca. D. occultata". We discovered occP homologs (40-77 60% identity) in diverse Betaproteobacteria from diverse freshwaters and deep subsurface 78 groundwaters, as well as several Gammaproteobacteria and one alphaproteobacterium ( Fig. 2D ; 79 Table S3 ). Most occP-containing bacteria also possessed mtoA and denitrification ( Fig. 2D ) 80 genes. For more discussion of denitrification, see Supplemental Text and Figs. S7 and S8. 81
While the specific role of CH 4 in Mn(III) reduction remains unknown (see Supplemental  82 Text), CH 4 significantly stimulated expression of many cytochrome c proteins, including 83
OccABGJK, MtoD-2, and cytochrome-c4 and -c5 proteins associated with anaerobic respiration 84 (p < 0.05; Table 1 ; Fig. 2C ). Methane also led to increased expression of several "Ca. D. 85 occultata" proteins involved in outer membrane structure and composition, including an 86 extracellular DUF4214 protein located next to an S-layer protein similar to those involved in 87 manganese binding and deposition (24), a serine protease possibly involved in Fe(III) particle 88 attachment (3), an extracellular PEP-CTERM sorting protein for protein export (9), and a Tol-Pal 89 system for outer membrane integrity ( Table 1) . A type IV pilin protein (87% identity to 90
Geobacter pickeringii (14)) was significantly more highly expressed with CH 4 vs. N 2 in the "Ca. 91 G. occultata" proteome (p=0.02; Table 1 Betaproteobacteria HGW-7
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